Objectives Recent studies have consistently shown that amongst staff working with MRI, transient symptoms directly attributable to the MRI system including dizziness, nausea, tinnitus, and concentration problems are reported. This study assessed symptom prevalence and incidence in radiographers and other staff working with MRI in healthcare in the UK. Methods One hundred and four volunteer staff from eight sites completed a questionnaire and kept a diary to obtain information on subjective symptoms and work practices, and wore a magnetic field dosimeter during one to three randomly selected working days. Incidence of MRI-related symptoms was obtained for all shifts and prevalence of MRI-related and reference symptoms was associated to explanatory factors using ordinal regression. Results Incident symptoms related to working with MRI were reported in 4 % of shifts. Prevalence of MRI-related, but not reference symptoms were associated with number of hours per week working with MRI, shift length, and stress, but not with magnetic field strength (1.5 and 3 T) or measured magnetic field exposure. Conclusions Reporting of prevalent symptoms was associated with longer duration of working in MRI departments, but not with measured field strength of exposure. Other factors related to organisation and stress seem to contribute to increased reporting of MRI-related symptoms. Key Points • Routine work with MRI is associated with increased reporting of transient symptoms • No link to the strength of the magnetic field was demonstrated.
Introduction
Although MRI has important benefits over other clinical imaging modalities, including that no ionising radiation is used for image acquisition, this does not necessarily mean that MRI has no side effects. Acute bioeffects, such as burns, peripheral nerve stimulation (PNS) and safety concerns related to ferromagnetic materials, are reasonably well understood [1] , and safety protocols have been put in place to protect patients and staff [2] [3] [4] . In the European Union, MRI is within the scope of the Electromagnetic Fields (EMF) Directive, although specifically exempted from the exposure limit values subject to certain conditions and if all proper precautions are in place [5] .
However, results from observational studies of MR engineers [6] , healthcare and research staff [7] , and MR nurses [8] have consistently shown that staff report experiencing various transient symptoms. The frequency of reported complaints was related to the strength of the MRI systems with which staff routinely worked in all studies. Similarly, for patients, unpleasant effects (dizziness and vertigo, for example, but also tachycardia and sweating), some of which are related to the static field, are reported more often during imaging using 7 T systems than with 1.5 T systems [9] . Some of these reported effects may be related to adverse effects on visual perception, spatial orientation, visuomotor performance, working memory, and attention, measured in controlled trials [10] [11] [12] [13] . Experimental studies similarly show that exposure to the static magnetic field has a direct negative, but temporary, effect on the vestibular system [14] [15] [16] [17] [18] . The effects seem stronger following (head) movements in the heterogeneous stray field, particularly near the outer edge of the magnet bore where the static field changes most rapidly in space, but are not observed with time-varying magnetic fields without the presence of a static gradient magnetic fields [19] . This seems consistent with recent evidence indicating the need for continuing vestibular input from the static field to induce effects [20] .
This study aims to describe the pattern of subjective health symptoms self-reported by staff routinely working with MRI in a clinical setting in the UK, and to analyse the impact of magnetic field exposure-related factors as well as other aspects of working conditions on symptom reporting.
Materials and methods

Study design
MRI departments at NHS sites in England, Wales, and Scotland were invited to participate through the research team's contacts and an open call at the Institute of Physics and Engineering in Medicine (IPEM) annual conference. When a site agreed and appropriate approvals were obtained, one of the researchers (AM or FV) would visit the site for two to five consecutive days on a random date, organized with each local contact prior to the visit. Staff who worked with MRI on each day of the site visit were asked to participate, with a maximum of three participants per day (limited by available dosimeters).
Ethical approval was obtained from the University of Manchester's Research Ethics Committee (reference number: 12066) and NHS R&D approval was obtained individually for each of the participating sites.
Data acquisition
Prior to the start of each participant's first measured shift they were provided with a study information sheet and consent form, and once completed they were given (a) a baseline questionnaire to collect information on occupational history, personal characteristics, medical history, and prevalence of subjective symptoms in the period prior to the measurements; (b) a diary to list all procedures that required access to the MRI suite, details of the MRI systems, and incidence of subjective symptoms during the shift for which they were monitored; and (c) a dosimeter to measure personal exposure to the static and movement-induced, time-varying magnetic fields (SMF and TVMF, respectively) during that particular shift. Participants could be included on multiple days, in which case only the diary and dosimeter were provided on subsequent days. Because questionnaires were completed on the measurement day on site in the company of colleagues, they were not necessarily completed independently.
The baseline questionnaire included questions about transient effects (Bsubjective symptoms^) that have previously (ever) been associated with being in the vicinity of MRI systems [6] [7] [8] , and although not exclusively caused by exposure to the magnetic fields from MRI they are termed 'MRI-related symptoms' for the purpose of these analyses. In addition, subjective reference symptoms from the Lund Subjective Health Complaint Inventory (SHC) questionnaire [21] experienced within the month prior to measurements were also included to evaluate whether radiographers report certain symptoms more often than, or more severe than the general population; some of which may overlap with the list of MRI-related symptoms ( Table 1 ). The SHC questionnaire is a validated instrument to obtain information about commonly reported subjective health complaints in the general population. It consists of 29 items which are all rated on a 4-point scale from 0=none to 3=severe. In addition to the prevalence of these symptoms, their incidence was also recorded in the daily diary for the specific measured shifts.
Stress was measured by five screening questions in the diary, based on selected questions from identified factors of the 'Perceived Stress Questionnaire' (PSQ) [22] . Similar to the PSQ, participants had to select answers from a 4-point scale ranging from 'strongly disagree' to 'strongly agree'. Scores 1 -4 were added up with 20 indicating maximum stress.
We hypothesized that individuals susceptible to effects of magnetic field exposure may be those who are also susceptible to motion sickness. This was specifically investigated based on the MSSQ-Short questionnaire [23] . Motion sickness susceptibility was separately calculated for susceptibility during childhood, during adulthood, and combined, based on the methodology outlined in [23] .
Personal exposure measurements
Personal shift-exposure to the SMF and motion-induced TVMF from the MRI scanner was measured in real-time using a personal dosimeter (Magnetic Field Dosimeter, University of Queensland, Australia) worn by each participant at the hip. Measurements in all three orthogonal directions were collected at a sampling rate of 50 Hz. Total exposure to the SMF (B) was obtained in millitesla (mT) and total exposure to motioninduced TVMF (dB/dt) in mT/s. More information about the dosimeter can be found in [24] [25] [26] . Participants could be measured on multiple days (1 -3), and in this case, exposure was averaged across shifts as a proxy for average, typical exposure.
Statistical analyses
Reported health complaints were grouped into 'MRI-related' and 'non-MRI-related' based on similar classifications in previous studies [6] [7] [8] , and the total number of complaints reported by each participant was used as a measure of severity. Associations between the prevalence of health complaints and various exposure-related and organisational determinants were analysed using univariate and multivariate ordinal logistic regression using the MASS package in R (version 3.0.1) [27] . Because the majority of participants were radiographers the analyses were conducted for the whole, exposed population, but also for the radiographers separately. Effect sizes are expressed in terms of the increased odds of reporting an additional symptom with one unit increase in the explanatory variable. Ninety-five percent confidence intervals (CI) were calculated based on profile likelihood, and these are presented instead of p-values.
Results
An overview of the study population is shown in Table 2 . A total of 117 people from eight NHS sites across the UK participated in the study. One hundred and four of these routinely worked with MRI and 13 were controls (not included in further analyses). Of these, 70 % were women and their average age was 40 years. They had worked on average for 8 years with MRI (range 1 to 23 years). The majority of participants (71 %) were radiographers and primarily (81 %) worked with 1.5 T MRI systems. Measured shift-average SMF exposure was about 30 mT, and motion-induced TVMF about 54 mT/s. Histograms of the measured exposure distributions are shown in Fig. 1 and are all approximately log-normally distributed. 53 % of participants reported at least one symptom which they specifically attributed to their work with MRI, and 74 % reported experiencing at least one of the reference SHC symptoms in the previous month.
MRI-related symptoms were reported during 4 % of the measured shifts, and were more specifically 'slight dizziness after cleaning bore', 'dizzy feeling for 30 s', 'slightly dizzy, but busy', 'slight headache', 'very mild headache', and 'eye strain/dizzy'. Magneto-phosphenes were not reported. Two participants reported experiencing musculoskeletal complaints during patient transfer, but these were not included in the incidence rate, while one participant reported eye strain and dizziness during three different procedures on the same day. MRI-related symptoms were reported during cleaning, patient positioning, and injection of contrast agent, but because of the low incidence, no further statistical analyses were done on these data.
The SHC questionnaire was previously administered to the general population in Norway [21] , but to our knowledge not in the UK. Therefore, reporting by MRI staff was compared to published data from the Norwegian population (Table 3) . Consistent with an anticipated healthy worker effect [28] , the frequency and severity of reported reference, non-MRI related symptoms was generally lower in participating MRI- workers than in the general population. Statistically significant differences were observed for cold/flu, neck pain, heartburn, allergies, eczema, and chest pain. A similar pattern compared to the general population was observed for frequency of reports, but not for severity for MRI-related symptoms. Symptoms with a higher severity score were more often reported by the participants than they were reported in the (Norwegian) general population; the differences, however, were not statistically significant. Results of ordinal logistic regression, in which the symptoms ever experienced and self-attributed to work with MRI, were analysed and are shown in Table 4 . Age had a small, negative effect on reporting for both MRI-related and non-MRI related subjective health symptoms. Radiographers had an eightfold increased risk of experiencing MRI-attributed symptoms (OR = 8.05, 95 % confidence interval 1.96 to 54.84), and nurses and assistants reported a two-to threefold increased risk, although not statistically significant (95 % CI 0.44 -18.71), compared to clinicians. Interestingly, radiographers also reported more reference symptoms a priori not related to their work with MRI, although the risk was much lower (OR=2.61) and the difference not statistically significant. The number of self-reported MRI-related symptoms was further associated with average hours per week working with MRI (OR=1.06, 95 % CI 1.03 to 1.07), and the number of times the participant went in the MRI suite during measured shifts (OR=1.03, 95 % CI 1.00 -1.07), the average shift duration (OR =1.34, 1.10 -1.67) and selfperceived stress during the measured days (OR=1.14, 95 % CI 1.00 -1.29). Adult, but not childhood, susceptibility to motion sickness was associated with increased reporting (OR=1.07, 95 % CI 1.01 -1.13). The univariate results for just the radiographers were similar to those for all participants (data not shown).
In multivariate analyses, all variables that were significant in the univariate analysis remained significant. Furthermore, job title, although an important predictor by itself was not included in the multivariate analysis because it should be regarded as a proxy for other factors. After adjustment for confounding factors (age, stress, and motion sickness susceptibility during adulthood), neither the strength of the MRI system, nor measured average or peak exposure to the SMF or TVMF were associated with increased reporting of symptoms. Instead, average shift duration was a predictor of MRIrelated, but not reference symptoms (OR=5.64, 95 % CI 1.87 -18.78). The average hours of working with MRI in a week was also related to increased risk of reporting additional MRIrelated symptoms, but not reference symptoms (ORs 1.51, 95 % CI 1.16 -2.03, and 1.01, 95 % CI 0.98 -1.04, respectively). Shift duration and hours per week working with MRI were only moderately correlated (r~0.4), but their statistically significant interaction (OR=0.95 95 % CI 0.92 -0.99) suggests that risk does not linearly increase with increased shift duration and hours per week working with MRI, but that that the risk function is supralinear. The results for radiographers alone are similar to those of all MRI staff in the study. Additional sensitivity analyses in which highest exposures were removed (outliers) yielded similar results as presented in Table 4 .
Reporting of MRI-related symptoms was also independently associated with perceived stress. Given the type of symptoms this does make sense, but surprisingly this is not observed for the reference symptoms (OR=0.97, 95 % CI 0.86 -1.10), leaving open the question whether there is some other factor correlated to working with MRI, but unobserved in this 3 10 single MRI-related complaints and 14 non-MRI related complaints Fig. 1 histogram of measured shift weighted-average (SWA) and peak exposure to static and time-varying magnetic fields n=62. * Not included in multivariate models because of missing data study that could explain this association. Furthermore, although motion sickness susceptibility during adulthood was associated with increased reporting of MRI-related symptoms, a similar increased risk was observed for the reference symptoms suggesting that this is likely caused by some other factor not directly related to exposure to the magnetic fields.
Discussion
Compared to the general population, staff working with MRI reported subjective health symptoms less often, which is consistent with the expected healthy worker effect observed in many studies comparing the occupationally active with the general population [28] . However, MRI workers reported more symptoms of the set a priori assigned as MRI-related, which may point to a contribution from their work with MRI systems. Although a relatively small study, the results indicated that 53 % of people routinely working with MRI in NHS hospitals have experienced at least one subjective health complaint selfattributed to MRI. This is comparable to the 47 % reported in a study amongst MRI nurses in Sweden [8] . However, this may not necessarily be different from a comparable population, since neither study included a control population. A Dutch study amongst MR and X-ray system engineers indicated that the incidence of reported symptoms was about twice as high in the MR department (32 %) compared to the X-ray department (15 %) [6] , which may point to a contribution of magnetic field exposure from the MRI systems. In our study, the reported incidence of self-reported symptoms during the measured shifts (other than musculoskeletal) was much lower (4 %), which can be explained by differences in work between healthcare staff and MR manufacturing engineers. The incidence is also somewhat lower than the 5 -9 % observed for a selected set of 'SMF core symptoms' reported for 1.5 and 3 T systems in a study on clinical and research facilities in the Netherlands, but much lower than the 28 -35 % reported for a larger set of 'SMF target symptoms' in the same population [7] . The control population in that study reported at least one SMF core and/or SMF target symptom in 1 % and 25 % of shifts, respectively. We did not observe an association of increased prevalence of symptoms with increasing exposure, which puts these results at odds with previous studies [6] [7] [8] and with experimental work [11, 12, 29, 30] . Possibly this may be ascribed to the fact that the variation in exposure in our study was not large enough; we only had staff working with 1.5 T or 1.5 T and 3 T systems, while other studies included exposures ranging from 0 (non-exposed controls) up to 7 T. However, reporting of the reference symptoms decreased with increased magnet strength, which may suggest some residual confounding we could not correct for. Also, information on consumption of coffee and alcohol were not collected because in previous studies [6, 13, 19] these did not appear to be important factors, while they are also unlikely to be confounders in this context. Information on menstrual cycle, which may be related to symptom reporting, but is similarly also unlikely to be related to exposure, was also not collected.
Instead, we observed an association of increased reporting of MRI-related symptoms with shift duration and average hours per week working with MRI, which may indicate that duration of working in the vicinity of MRI systems (and thereby exposure to MRI-generated magnetic fields) is associated with increased reporting of symptoms. Alternatively, since no associations with shift-average exposures were observed it could also indicate that longer shifts, regardless of MF exposure are associated with increased risk of experiencing symptoms. The former possibility is supported by the fact that similar associations are not observed for the reference symptoms, while the latter may be in line with the observed association between perceived stress and MRI-related symptoms. The number of hours working with MRI per week and the shift length were only moderately correlated with the number of times participants went into the MRI suite (r~0.31 and 0.60, respectively) and these variables were not correlated to shiftaverage SMF exposure (r~0.03) or TVMF (r~0.02), indicating that shift-average magnetic field exposure plays a minor role in the observed associations. It has been shown previously that stress itself is not caused by exposure to the SMF from MRI systems directly [31] , so this would be due to organisational and managerial issues instead, likely related to shift duration. However, it is important to realize that although it is generally assumed that if anything, the intensity of exposure to the magnetic field (B or dB/dt) is related to symptoms, for many of the self-reported symptoms in this study the mechanisms by which these would occur remains unknown.
Our results further indicated, although not statistically significant, that women report MRI-related symptoms more often than men, which is in line with previous results [29] . Our results also indicated that motion sickness susceptibility is not likely to be a useful predictor of magnetic field susceptibility because a similar association was observed for reference symptoms, which is surprising given that experimental studies have shown that exposure to the SMF directly affects the vestibular system in humans [17, 20, 32] and animals [33] .
Our study had several limitations. This was a relatively small study of only 104 participants which had implications for statistical power. This also prohibited more sophisticated analyses such as investigation of clustering of symptoms within sites using multi-level models [34] as a result of questionnaires not always being completed independently.
Furthermore, because of the study design, which focussed on measuring exposure patterns, we also did not have a control group such as CT radiographers.
Also, it is important to emphasize that exposure was measured after prevalence of symptoms was registered. We used measured exposure during these shifts as an indication of average exposure, but this may have not been a good proxy for average exposure over a longer period. A measurement survey in the Netherlands showed large between-shift variability in exposure for radiographers and other clinical staff [26] . Measured exposure was intended to be related to symptom incidence reported in the diaries, but these were not frequent enough (4 % of shifts) for meaningful statistical analysis. Furthermore, we looked at measured average and peak exposure only, but these may not be the most relevant exposure metrics (for example, based on thresholds or maximum levels). Further work is required to establish which metrics should be measured in future studies.
And finally, although we compared the prevalence of MRIrelated symptoms to those previously reported, our set of selected 'MRI-related' symptoms is not directly comparable to [7] , and falls somewhere in between their core and target symptoms, which is an important contribution to observed differences in reported prevalence.
Nonetheless, this is one of only a few studies investigating the prevalence and incidence of acute and transient symptoms in radiographers and other healthcare workers routinely working with MRI systems. These results support previous findings that routine work with MRI is associated with reporting of a specific set of symptoms and that these occur in roughly 4 % of shifts with 1.5 -3 T systems. Our results further suggest that in our survey, reporting of these specific symptoms is primarily related to duration of work with MRI systems and not to the strength of the systems or the shift-average magnetic field exposure, indicating that shift duration and perceived stress not related to the MRI system were important contributing factors.
